+ Treg±150 or ±1,000 IU/ mL of interleukin-2 (IL-2) to evaluate suppression of RC proliferation. In addition, survival of the cells co-cultured for 24 h and 5 days was measured using a flow-based cytotoxicity assay. Freshly isolated Treg and RC expressed granzyme A (GrA), granzyme B (GrB), and perforin. Percentages of positive cells were higher in cancer patients than controls (p<0.01) and increased upon OKT3 and IL-2 stimulation. Treg, co-cultured with RC at 150 IU/mL of IL-2, no longer expressed cytotoxins and became susceptible to RC-mediated, granzyme/perforin-dependent death. However, in co-cultures with 1,000 IU/mL of IL-2, Treg became resistant to apoptosis and induced GrB-dependent, perforinindependent death of RC. When the GrB inhibitor I or GrBspecific and GrA-specific small inhibitory ribonucleic acids were used to block the granzyme pathway in Treg, RC death, and Treg-mediated suppression of RC, proliferation were significantly inhibited. Human CD4 +
Introduction
The mechanisms of human regulatory T cells (Treg) utilized for suppression of responder T-cell (RC) proliferation were previously shown to be mediated by the release of inhibitory cytokines, interleukin-10 (IL-10), and transforming growth factor-beta (TGF-β1) [1] [2] [3] . In addition, we have recently demonstrated that the Fas/FasL pathway is engaged in elimination by Treg of CD8 + RC, but not CD4 + RC [4] . The observed relative resistance of CD4 + RC to death receptor-mediated apoptosis underscores their sensitivity to other contact-dependent suppressor mechanisms [3, 5, 6] . For example, it is possible that the mitochondrial pathway of death is activated in CD4 + RC interacting with Treg [7] . Alternatively, death mechanisms involving granzymes and perforin could be responsible for elimination of CD4 + RC by Treg, as has been previously reported in mice [8] and in man [9] . The ability of murine and human Treg to catalyze conversion of adenosine triphosphate to adenosine monophosphate and then to immunosuppressive adenosine have been recently described [10] [11] [12] . Thus, several distinct mechanisms could be responsible for Treg-mediated suppression, selectively targeting CD8 + or CD4 + effector T cells. Cytolytic T lymphocytes (CTL) and natural killer cells use cytokine-, Fas/FasL-, or granzyme/perforin-mediated pathways to kill their targets and may be eliminated by these mechanisms once their function is completed [12, 13] . The possibility that human CD4 + CD25 high FOXP3
+ Treg might utilize the same pathways to mediate suppression of other T cells remains a subject of intense interest. In this study, we utilized an in vitro model system consisting of human Treg and autologous RC co-cultured in the presence of T cell receptor (TCR) stimulation and interleukin-2 (IL-2) to evaluate expression and activity of the granzyme/perforin pathway in these cells. We demonstrate that in co-cultures containing elevated IL-2 levels, CD4 + RC are eliminated by Treg which utilize a GrB-dependent/perforin-independent death pathway but are themselves resistant to cytotoxin-mediated death. In the presence of low IL-2 concentrations, Treg are no longer resistant and are lysed by RC using the canonical granzyme/ perforin pathway. This reciprocal elimination of RC or Treg in the co-cultures is strictly regulated by IL-2 concentrations.
Materials and methods

Cancer patients and healthy volunteers
Blood samples were obtained from 25 patients with head and neck squamous cell carcinoma (HNSCC) and 15 agematched healthy volunteers (NC). All subjects signed an informed consent approved by the Institutional Review Board (IRB) of the University of Pittsburgh. All patients were seen at the Outpatient Otolaryngology Clinic between January 2006 and April 2007. The patient cohort included 17 males and 8 females (mean age 60 years; range 23-83 years). The NC group included 10 males and 5 females with a mean age of 60 years. Among the patients, 22 had primary and 3 recurrent disease. At the time of blood draws, 7 patients were untreated, and 18 had no evident disease after receiving various forms of oncologic therapy, which was terminated from 3 weeks to 12 months before the time of phlebotomy for this study. Fifteen patients had oral cavity tumors, while the remaining patients included 4 with laryngeal, 2 with oropharyngeal, 1 with hypopharyngeal, 2 with the nasal cavity tumors, and 1 with an undetermined tumor site. Fifteen tumors were moderately, 5 poorly, and 3 well-differentiated, and in 2, differentiation was not determined. Eight tumors were T1 or T2, 15 were T3 or T4, and 2 were unstaged. The nodal status was 12 N 0 and 13 N 1 -N 3 . The patient cohort was the same as described in a greater detail previously [4] .
Collection of PBMC, isolation of cell subsets, and co-culture conditions Peripheral venous blood (20-30 mL) was drawn into heparinized tubes. Peripheral blood mononuclear cells (PBMC) were separated by centrifugation on FicollHypaque, washed in AIM-V medium (Invitrogen, Carlsbad, CA), counted in a trypan blue dye and immediately used for experiments. CD4 + CD25 high and CD4 + CD25 neg T cell subsets were single-cell sorted using a high speed MoFlo cell sorter (Dako, Ft. Collins, CO) as previously described [4, 6] . The purity of each fraction was >95%, and the cell viability was >98%. The sorted CD4 + CD25 high and CD4 + CD25 neg cells were phenotyped to determine FOXP3 and CTLA-4 (CD152) expression and were immediately used for establishing co-cultures containing soluble OKT3 and anti-CD28 Ab as well as IL-2 at 150 or 1,000 IU/mL.
Antibodies
The following anti-human monoclonal antibodies (mAbs) were used for flow cytometry: anti-CD3-ECD (clone UCHT1), anti-CD4-PC5 (clone 13B8.2), anti-CD8-PC5 (clone B9.11), anti-CD25-FITC (clone B1.49.9), anti-FOXP3-FITC (clone PCH101), anti-CD45RA-FITC (clone 2H4LDHIILDB9), anti-CD45RO-FITC (clone UCHL1), anti-CD25-PE (clone B1.49.9), anti-CD152-PE (CTLA-4) (clone BNI3), anti-FasL (clone NOK1), anti-GrB-PE (clone GBIII), anti-GrA-PE (clone CB9), and anti-perforin-FITC (clone dG9). Antibodies and their respective isotypes used as negative controls for surface and intracellular staining were purchased from Beckman Coulter (Miami, FL), except for anti-GrA-PE (BD Pharmingen, San Jose, CA), anti-FOXP3-FITC clone PCH101 (eBioscience, San Diego, CA), anti-perforin-FITC, anti-FasL-PE (BioLegend, San Diego, CA), and anti-GrB-PE (PeliCluster Inc, the Netherlands, clone GB111). Prior to use, all mAbs were titrated using normal resting or activated PBMC to establish optimal staining dilutions. To determine the frequency of CD4  + CD25  high and  CD4   +   CD25  neg T cells and the Treg marker and cytotoxin  expression, PBMC (at least 2×10 5 cells/tube) were stained with pre-titered mAbs for 15 min at 4°C. Isotype Ab controls were used in all experiments. Cells were washed and examined by four-color flow cytometry [6] .
Surface and intracellular staining
Intracellular staining for FOXP3, CD152 (CTLA-4), granzyme A (GrA), granzyme B (GrB), and perforin was performed as described [4, 6] . Briefly, cells incubated with mAbs against surface markers (CD4, CD8, CD3, and CD25) were washed, fixed with 4% (v/v) paraformaldehyde in phosphate buffered saline (PBS) for 20 min at room temperature (RT), washed once with PBS containing 0.5% (v/v) bovine serum albumen (BSA) (w/v) and 2 nM ethylene diamine triacetic acid, permeabilized with PBS containing 0.5% BSA and 0.1% (v/v) saponin and stained with pretitrated anti-CTLA-4-PE, anti-FOXP3-FITC, anti-GrA-PE, anti-GrB-PE, or anti-perforin-FITC for 30 high T cell subsets, as appropriate. Cells expressing Treg markers, apoptosis-related proteins, or death molecules were acquired and analyzed in the FL1 or FL2 logarithmic scale using the set gates.
Flow-based cytotoxicity assay
To determine the ability of Treg to suppress RC proliferation and death or to measure the capability of activated RC to induce death of Treg, the flow-based cytotoxicity assay (FLOCA) was employed, as previously described [4] . In FLOCA, 7-amino-actinomycin D (AAD) incorporation is used as a surrogate marker for cell death, and RC are labeled with CFSE to evaluate their proliferation. All CFSE data were analyzed using the ModFit software (Verity Software House, Topsham, ME), and the percentages of suppression were calculated based on the proliferation index (PI) of RC alone compared with the PI of cultures containing RC plus Treg. The PI of RC was defined by the ModFit program as described previously [14] . The program determines the percent of cells within each division peak, and the sum of all peaks in the control culture (RC, alone) is taken as 100% proliferation while the sum of all peaks in the co-culture (RC+Treg) represents proliferation suppression. + RC were incubated +/-concanamycin A (100 nM) for 2 h at 37°C. The ability of perforin to induce cell death was measured by the FLOCA after 24 h or 5 days of co-incubation. B. GrB activity was neutralized in Treg or CD4 + RC before co-culture using GrB inhibitor I, Z-AAD-CMK (C 19 H 24 CIN 3 O 7 ; Calbiochem, San Diego, CA). Cells were co-incubated +/-Z-AAD-CMK (250 µM/mL) for 2 h at 37°C. The ability of GrB to induce apoptosis was measured in co-cultures by the FLOCA on days 1, 3, and 5. In the above experiments, the optimal concentrations of concanamycin A or GrB inhibitor I were predetermined in titration assays using OKT3 and IL-2 activated-PBMC. To exclude direct cytotoxic effects of concanamycin A or Z-AAD-CMK, the 7-AAD uptake or AnxV binding by Treg or RC incubated with these reagents for 3-5 days was determined. C. GrA or GrB were silenced at the messenger ribonucleic acid level in Treg or CD4 + RC before co-cultures. The cells were transfected with small inhibitory ribonucleic acid (siRNA) specific for GrA or GrB (siGENOME SMART pool purchased from Dharmacon, Chicago, IL) or with scrambled siRNA which had no homology to any known human sequences (non-targeting 20-25 nucleotide siRNA). Human T-Cell Nucleofector Kit (Amaxa Biosystems, Gaithersburg, MD), was used. Aliquots (100 μL) of freshly isolated cells (5×10 6 cells/mL) were mixed with 5 μg siRNA and nucleofected as recommended by the manufacturer. After nucleofection, the cells were transferred to wells of the 12-well plate filled with 1.5 mL of pre-warmed culture medium and maintained at 37°C overnight prior to testing for GrA or GrB expression by flow cytometry. The nucleofected cells were immediately set up in co-cultures, and cell death was measured in the FLOCA on day 5 of co-culture.
Statistical analysis
Data were summarized by descriptive statistics as means ± SD for continuous variables and the frequency and percentage for categorical variables. The paired student's t test was used to evaluate differences between treated vs. untreated groups.
For FLOCA and CFSE experiments performed with cells of three different individuals, results are presented for one representative donor of three donors for each treatment or condition tested. P values≤0.05 were considered significant.
Results
Purity and activity of sorted human CD4 + CD25
high Treg
Treg were isolated from the PBMC of NC or patients with HNSCC using immunobeads followed by flow cytometrybased sorting of CD4 + CD25 high T cells as previously described [4, 6, 12] . These cells were routinely tested for expression of FOXP3, CTLA-4, and CD39 markers and, in some experiments, for suppressor function with CFSE-labeled autologous CD4 + CD25 neg T cells as described by us [4, 6, 12] . We have confirmed in this study that the CD4 neg (RC) were examined for expression of GrA, GrB, and perforin by flow cytometry. As shown in Fig. 1 , significantly higher proportions of freshly isolated Treg and RC cells were positive for cytotoxins in cancer patients than in NC, e.g., >90% of fresh Treg expressed GrB in patients vs. <50% in NC. Following 24-h stimulation with anti-CD3/anti-CD28 Abs and IL-2 (150 IU/mL), the percentages of Treg positive for GrB and perforin increased in NC but not in cancer patients. These data suggested that fresh Treg are activated in cancer patients and that further stimulation does not substantially up-regulate cytotoxin expression.
Cell death in co-cultures of Treg and RC When Treg or RC cells were incubated alone in the presence of 150 or 1,000 IU/mL of IL-2 for 24 h or 3-5 days, only few 7-AAD + cells were present in these cultures, as measured in FLOCA (Fig. 2a, b) . However, upon co-incubation of Treg and OKT3-activated CFSE-labeled RC at the 1:1, 1:5 or 1:10 ratios, the proportion of 7-AAD + cells was increased to over 50% in the co-cultures containing 150 IU/mL of IL-2 and to about 85% in the co-cultures containing 1,000 IU/mL of IL-2 after 24 h of co-incubation (Fig. 2a) . These data suggested that co-incubation promoted early cell death in both subsets of lymphocytes. However, upon longer co-incubation (e.g., 3-5 days), it became apparent that T cell death/survival depended on the IL-2 concentration. Thus, at 150 IU/mL of IL-2, nearly all Treg were dead, and there was no suppression of RC proliferation in day 5 co-cultures (Fig. 2b, c) . At 1,000 IU/mL of IL-2, all Treg survived and the RC were dead (Fig. 2b) . Consistently, complete suppression of RC proliferation was observed in the 5-day co-cultures ( Fig. 2c) . These data suggested that both T-cell populations expressing cytotoxins after activation were potentially capable of reciprocally killing each other and did so early, within 24 h of being placed in a co-culture. At low IL-2 concentrations, Treg did not survive and RC proliferated normally in 5-day co-cultures. At high IL-2 concentrations, Treg were resistant to death and suppressed RC proliferation (Fig. 2c) .
Cytotoxin expression in co-cultured Treg and RC
To further study the interactions between Treg and RC, we measured cytotoxin expression by these cell subsets after 24-h or 5-day co-culture ( Fig. 3) . After 24 h of coincubation in 150 IU/mL of IL-2, half of Treg were 7-AAD + (Fig. 2a) , the other half expressed GrA and GrB, but fewer cells contained perforin (Fig. 3a) . By day 5, almost no Treg expressing cytotoxins were detectable, consistent with their demise (Fig. 2b) . In contrast, CD4 + CD25 neg RC were fully viable (Fig. 2b) , with almost all cells expressing cytotoxins (Fig. 3b) .
In co-cultures containing 1,000 IU/mL of IL-2, close to 80% of Treg expressed cytotoxins at 24 h, and by day 5, all Treg were positive for GrB, GrA, and perforin (Fig. 3a) . However, RC began losing expression of cytotoxins, especially of perforin, at 24 h of co-incubation and by day 5 became negative for GrA and perforin, still retaining expression of GrB (Fig. 3b) .
Perforin involvement in reciprocal Treg/RC killing
To evaluate effects of the individual cytotoxins on T-cell responses in 5-day co-cultures of Treg with RC, we pretreated either Treg or RC with concanamycin A, which blocks perforin activation. In co-cultures with 150 IU/mL of IL-2, perforin was expressed in RC but not in Treg (Fig. 3) . Therefore, RC were pre-treated with concanamycin A to inactivate perforin prior to co-cultures. Conversely, in co-cultures with 1,000 IU/mL of IL-2, perforin was expressed in Treg but not in RC (Fig. 3) . Therefore, Treg were pre-treated with concanamycin A prior to their coincubation with RC at 1,000 IU/mL of IL-2.
In the absence of concanamycin A and at high IL-2 concentrations, Treg mediated effective suppression of RC proliferation in the co-cultures (81-95%, Table 1 ) as previously shown (Fig. 2a, b) . Concanamycin A-pretreated Treg also survived well in the co-cultures supplemented with 1,000 IU/mL of IL-2 (few 7-AAD+ Treg), and these Treg mediated high levels of suppression (80-95%, Table 1 ). These data suggested that perforin activation in Treg was not necessary for Treg-mediated suppression of RC proliferation at high IL-2 concentrations. Thus, Tregmediated demise of RC was perforin independent.
At 150 IU/mL of IL-2 in the absence of concanamycin A, 50-60% of Treg but few RC were 7-AAD + , and RC proliferation was not suppressed, as expected. Upon pretreatment with concanamycin A, RC proliferation was strongly suppressed, although no 7-AAD + RC were evident. Importantly, few Treg were 7-AAD + in these co-cultures, indicating that inhibition of perforin activation in RC protected Treg from death. At low IL-2 concentrations, death of Treg was dependent on perforin activation in RC.
GrB involvement in reciprocal Treg and RC killing
To neutralize GrB activity in Treg or RC prior to their cocultures, we used GrB inhibitor I. The pre-treatment of RC with this inhibitor prevented Treg death in co-cultures with 150 IU/mL of IL-2 (Table 2) , allowing Treg to mediate suppression of RC proliferation (>80%). The pre-treatment of Treg with the inhibitor prevented the death of RC in cocultures with 1,000 IU/mL of IL-2 and significantly inhibited suppression of RC proliferation (Table 2) . Thus, neutralization of GrB activity in RC had no effect on suppression mediated by Treg, while neutralization of GrB activity in Treg was effective in reducing suppression of RC proliferation. These results implicate GrB activity in Treg-mediated death of co-cultured RC. Silencing of GrB or GrA expression using siRNA
To further confirm the key role of GrB and probe the GrA involvement in Treg-RC interactions, expression of the granzymes in T cells was blocked using GrB-or GrA-specific siRNAs. All siRNA experiments were performed with cells of patients with cancer in which granzyme expression was elevated (Fig. 1) . Nucleofection with GrA-or GrB-specific siRNA reduced expression of granzymes in Treg stimulated with OKT3 and IL-2 (1,000 IU/mL, Fig. 4a ). The ability of these nucleofected
Treg to suppress proliferation of CFSE-labeled autologous RC in 5-day co-cultures in the presence of 1,000 IU/mL of IL-2 was also significantly reduced (by 75±20% in three independent experiments), although silencing of GrA was less effective than that of GrB (Fig. 4b) . Concomitantly, RC death (i.e., the percent of 7-AAD + RC) was decreased (by 80±14%) following silencing of GrB in Treg, while silencing of GrA had a less pronounced effect on RC death (Fig. 4c) . In control co-cultures, RC were incubated with non-silenced Treg or Treg nucleofected with scrambled siRNA. high Treg (a) and CD4 + CD25 neg RC (b) were either incubated separately or in co-cultures (1S:1RC ratios) in the presence of either 150 IU/mL of IL-2 (left panels) or 1000 IU/mL of IL-2 (right panels) for 24 h or 5 days. Cells were obtained from a patient with HNSCC. When cells were cultured alone, high dose of IL-2 increased the expression of granzymes and perforin both in Treg and RC. Treg had a higher overall expression of granzymes and perforin compared to RC. After the first 24 h of co-culture, dramatic changes in the expression of granzymes and perforin were observed and they intensified over time, depending on the IL-2 concentration. At 150 IU/mL of IL-2, Treg were losing the granule expression, while RC were increasing their expression. At 1000 IU/mL of IL-2, the situation was reversed. Representative data are shown out of three independent experiments performed Our earlier experiments showed that in co-cultures with 150 IU/mL of IL-2, RC were resistant to death, while Treg were sensitive. When GrB siRNA-nucleofected RC were co-cultured with autologous Treg, no 7-AAD + Treg were observed in the co-cultures (Fig. 5b) , as few RC expressed GrB and Treg became completely resistant to RC-mediated death. In control co-cultures (Fig. 5a ), nearly all RC were GrB + and 65% of Treg were 7-AAD + , consistent with the neg RC were left untreated (A) or were pre-treated with GrB inhibitor I at a concentration of 250 μM (B and C) prior to co-cultures. The cells were co-incubated for 5 days in the presence of 150 or 1,000 IU/mL of IL-2. The frequency of 7-AAD + cells and the inhibition of proliferation of RC were determined by FLOCA. Results are mean percentages ± SD obtained in three independent experiments with cells of three different donors N/A not applicable *p≤0.001 for differences between the percentage of 7-AAD + Treg (CD4 + CD25 high ) in co-cultures with RC not pre-treated with GrB inhibitor I (controls) vs. RC+GrB inhibitor I in the presence of 150 IU/mL of IL-2; **p≤0.001 for differences between the percentage of 7-AAD + RC (CD4 + CD25 neg ) or percentage suppression levels mediated by Treg not pre-treated with GrB inhibitor vs. Treg+GrB inhibitor I in the presence of 1,000 IU/mL of IL-2 neg RC were first pre-treated with concanamycin A (100 nM) and then incubated alone or in cocultures (at the ratio of 1S:1RC) for 5 days in the presence of 150 or 1,000 IU/mL of IL-2. The frequency of 7-AAD + cells and the inhibition of RC proliferation were determined by FLOCA. Results are mean percentages±SD obtained in three independent experiments with cells of three different donors N/A not applicable *p≤0.001 for differences between the percentage of 7-AAD + Treg (CD4 + CD25 high ) in co-cultures with RC not pre-treated with concanamycin A (control) vs. RC+concanamycin A in the presence of 150 IU/mL of IL-2; **p<0.001 for difference between the five of 7-AAD + RC (CD4 + CD25 neg ) in co-cultures with Treg not pre-treated with concanamycin A vs. Treg+concanamycin A in the presence of 1,000 IU/mL of IL-2 data shown in Fig. 2b . The silencing of GrB in RC gave results similar to those obtained when GrB expression in RC was inhibited using GrB inhibitor I (see Table 2 ). In aggregate, our data confirm that silencing of the granzyme genes in Treg blocks the suppression of RC proliferation and RC death. Conversely, silencing of the granzyme genes in RC protects Treg from killing by activated RC.
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Discussion
Peripheral T-cell tolerance mediated by CD4 + CD25 high Treg has recently emerged as one of the key mechanisms of control in healthy, balanced immune responses to infectious agents and self antigens [3, [15] [16] [17] [18] [19] . Mechanisms used by human Treg to mediate suppression of autologous CD4 + or CD8 + RC might vary depending on the environmental context and may or may not require direct cell-to-cell contact [15] . Beyond this, little is known about molecular pathways that regulate Treg functions in health or disease.
Mechanisms responsible for control of T-cell survival/ death include death receptor-mediated apoptosis, granzyme/ perforin-mediated cytotoxicity, and cytokine-induced suppression [7, 15, 20, 21] . Sensitivity/resistance of distinct T-cell subsets to these mechanisms is not entirely clear, except for a well-documented phenomenon of activationinduced cell death, which is Fas/FasL mediated, IL-2 dependent, and preferentially eliminates activated CD8 + effector cells [22] . We have previously shown that Treg use this pathway to mediate suppression of RC proliferation [4] . Treg, especially those present in human tumors, also suppress RC proliferation using IL-10 and TGF-β 1 [1, 2] . Here, we show for the first time that human Treg and RC can reciprocally regulate death and expansion arrest by differentially utilizing the granzyme-perforin pathway in an IL-2 dose-dependent manner. + T cells further up-regulated cytotoxin expression. We have consistently observed that Treg obtained from patients with cancer mediated significantly higher immunosuppressive activities than Treg of NC. Possibly, this is due to their ability to utilize three distinct cytolytic mechanisms: inhibitory cytokines [1, 2, 15] , death receptor mediated apoptosis [4] , and the granzyme/perforin pathway [9, 23] . While Treg obtained from NC have the potential to use the same mechanisms, they express lower levels of Fas and FasL [4, 6] and, as shown here, significantly lower levels of GrA, GrB, and perforin relative to Treg of cancer patients. Activation and expansion of death-resistant Treg with potent suppressor function in patients with cancer might play a key role in down-regulation of anti-tumor immune responses.
Our data suggested that upon direct cell-to-cell contact of RC with Treg, a release of accumulated cytotoxins resulted in an immediate demise of a considerable proportion of the interacting T cells and that IL-2 concentrations regulated this process. The potential for reciprocal killing raises questions regarding granzyme vs. perforin involvement in Treg interactions with RC and whether this killing is responsible for suppression of RC proliferation by Treg. Using an autologous co-culture system to simultaneously measure Treg and RC death (7-AAD + cells), expression of cytotoxins by these cells and suppression of proliferation in CFSElabeled RC, we studied the fate of the interacting T-cell subsets and mechanisms responsible for suppression. The reciprocal and early demise of Treg and RC in co-cultures was reflected by changes in RC proliferation measured on day 5. The co-culture system was manipulated to include low or high IL-2 concentrations. Our data showed that IL-2 concentrations determined the outcome of Treg/RC interactions. In co-cultures containing 150 IU/mL of IL-2, Treg completely lost the cytotoxin expression, so that after 5 days of co-culture, they expressed no GrB, GrA, or perforin and nearly all were dying (i.e., were 7-AAD + ). In contrast, all RC remained viable, expressed GrB, GrA, and perforin, and induced GrB-dependent as well as perforin dependent death in Treg. Blocking of GrB by siRNA or GrB inhibitor I in RC significantly inhibited Treg death and restored RC suppression, as did concanamycin A-mediated inhibition of perforin activation in RC. Our data suggest that RC use the canonical GrB/perforin pathway to eliminate Treg in co-cultures containing low IL-2 concentrations. When, however, the co-cultures contained 1,000 IU/mL of IL-2, the surviving, perforin+, and GrB+ Treg induced death of RC, remaining fully viable themselves. The obligatory involvement of GrB in Treg-mediated killing of RC was shown by using GrB inhibitor I or silencing of GrB and GrA genes with siRNAs, which abrogated Treg-mediated suppression as well as death Fig. 5 Effects of GrB-specific siRNAs on RC-mediated killing of Treg. a After co-culture of non-transfected RC with Treg+150 IU/mL of IL-2, 97% of RC expressed GrB and these RC were fully viable, while nearly all Treg were 7-AAD + . RC proliferation was not inhibited. b After transfection of GrB siRNA, only 4% of CD4 + CD25 neg RC expressed GrB. When these GrB-silenced RC were co-incubated with Treg +150 IU/mL of IL-2, both Treg and RC were 7-AAD neg . These Treg completely suppressed RC proliferation (98%) of RC. This mechanism of suppression was perforin independent, as in the presence of concanamycin A added to Treg to inhibit perforin activation, Treg were still able to kill RC and completely suppress RC proliferation. The work of Grondek et al [8, 24] confirms that in mice, GrB activity is independent of perforin and represents one of the key mechanisms through which CD4 + CD25
+ Treg induce cell contact-mediated suppression. It has been suggested in the literature that at high GrB concentrations, the need for perforin to release GrB from the endosomal compartment and facilitate its entry into a target cell may be circumvented [25, 26] . As Treg interacting with RC in the presence of 1,000 IU/mL of IL-2 contain abundant GrB, Treg-derived perforin may not be necessary to facilitate GrB activity. The role of GrA, which is expressed in activated Treg and RC in Treg-mediated suppression, is less clear, although in our hands, silencing of the GrA gene also partially abrogated suppression of RC proliferation and their apoptosis.
The biologic significance of our in vitro co-culture system using human T cells is speculative. Nevertheless, it is likely that the divergent, IL-2-dependent susceptibility or resistance of Treg and RC to the GrB/perforin-mediated death might represent a regulatory mechanism relevant to Treg/RC interactions taking place in vivo. T lymphocytes have evolved mechanisms for down-regulation of their own numbers by suicidal ("self-killing") or fratricidal ("killing of each other") mechanisms that appear to be hard-wired into the T-cell basic biology [22] . Distorted lymphocyte homeostasis is associated with human disease [27] [28] [29] , and regulation of lymphocyte activation/expansion characterizes a normal immune response. It is likely that IL-2 concentrations vary from low to high between the early (proliferative) and late (contraction) phases of an immune response, creating a microenvironment that shapes Treg-RC interactions [30] . At the level of a developing immune response, the divergent susceptibility of Treg and RC to GrBmediated lysis might be an advantage. Thus, T cells responding to an initial antigenic signal (when IL-2 levels are low) are able to suppress the expression of effector molecules in Treg and even induce death of Treg to protect themselves from suppression and death. Alternatively, Treg could use perforin and GrB to induce their own demise at low IL-2 concentrations. However, in the contraction phase of the immune response (when IL-2 levels are high), Treg activity is essential for the arrest of excessive expansion of RC subsets. Therefore, survival and suppressor activity of Treg are enhanced and maintained at high IL-2 concentrations, as also confirmed by reports of elevated frequency of Treg and Treg-mediated suppression in patients with cancer treated with high-dose IL-2 therapy [31, 32] .
The in vitro model of Treg/RC interactions we have described allows us to conclude that IL-2-dependent, reciprocal granzyme/perforin-mediated killing is one of the mechanisms used by human T cells to regulate the outcome of Treg/RC interactions.
